Melanosomal damage in normal human melanocytes induced by UVB and metal uptake -A basis for the pro-oxidant state of melanoma 
INTRODUCTION

Melanin and melanoma
The incidence of melanoma has been increasing dramatically in recent years, presumably due to global changes in the protective ozone layer, but treatment is largely limited to surgery and is effective only when diagnosis is achieved early in the disease (1) . Melanomas are among the most drug-resistant cancers; other than surgery, there is no widely accepted treatment for metastatic melanoma available (2, 3) . It has been suggested that melanin itself might be both a source of drug resistance as well as a target for chemotherapy (4) (5) (6) .
It has often been noted that melanogenesis itself is a source of reactive oxygen species (ROS) and oxidative stress in melanoma (7, 8) . In normal melanocytes, black melanin particles are generated from the successive oxidation of tyrosine by tyrosinase (9) , contained within suborganelles called melanosomes. As will be demonstrated, melanoma melanosomes are poorly formed with malformed membranes and granulized melanin (10) (11) (12) . These structural differences are significant, as melanosomal compartmentalization protects the cell from the highly reactive small-molecule catechols that are generated during melanogenesis. Thus structural irregularities likely lead to release of ROS into the cytosol (4, 13) . Much data suggest that transformed melanocytes have higher levels of free radicals and ROS (13) (14) (15) (16) , for instance the elevation of redox-responsive signaling pathways in melanoma, e.g. NFjB and APE ⁄ Ref1, is markedly elevated in human melanoma in response to oxidative stress (17) (18) (19) (20) . Glutathione depletion is selectively toxic for melanoma cells both in vitro and in vivo (21) . There is also clinical evidence for oxidative stress during human melanoma pathogenesis. Picardo et al. (22) found a deficiency of antioxidants in melanocytes from melanoma patients compared to control individuals. Pavel et al. (23) showed that disturbed melanin synthesis and chronic oxidative stress was present in dysplastic nevi, the first transformative step toward melanoma in some cases. Thus disruption of melanin formation may be an early and distinguishing pathogenic event in melanomagenesis. Consequences of the resulting ongoing intracellular stress are gradual depletion of antioxidants and activation of redox-sensitive transcription factors that enhance antiapoptosis and drug resistance.
Melanin abnormalities are well characterized in cutaneous melanoma, the debilitation of eyesight by macular degeneration, the bleaching of the substantia nigra in Parkinson's disease, as well as the common graying of hair (12) . Ultrastructural studies of human melanosomes indicate differences in the quantity and quality among melanocytes of normal skin and malignant melanoma; for instance, melanocytes generally have few melanosomes while malignant melanoma contain many (11) . It has been recognized for some time that the process of melanosomal genesis is altered early in melanoma progression, including abnormal disposition of melanin (10) and a loss of membrane integrity (12) . In the cancer cells, melanin is deposited on such filaments in an irregular, patchy and often incomplete fashion. †This invited paper is part of the Symposium-in-Print: Melanins. We, and others, have postulated that the functional effect of melanin dysregulation is its evolution into a pro-oxidant, characterized in both synthetic melanins and melanoma cell cultures. For instance, melanoma of several types demonstrated a pro-oxidant response to peroxide stress, which was quenched by catalase but increased by superoxide dismutase, implying a high flux of superoxide generated by the stress (18) ; neither normal melanocytes nor other cancer cell lines showed a similar pro-oxidant behavior. In a subsequent study, the formation of hydroxyl radical by synthetic melanin and the melanin within melanoma cells under oxidative stress was measured using the radical trap 5,5-dimethyl-1-pyrroline-Noxide, and by DNA clipping assays. Several previous studies demonstrated the ability of melanin to induce DNA damage (6, (24) (25) (26) (27) . Thus the exposed melanin within melanoma cells may be related to the observed high rates of DNA mutations seen in these tumors (28) .
Metals, melanoma and UV
Epidemiologic data suggest a complex role for sunlight in melanoma etiology and pathogenesis (29, 30) , with ongoing controversy regarding the relative role of UVA (320-400 mm) and UVB (290-320 mm) in the pathogenesis of human melanoma (31) . A striking feature of melanoma is the general inability to detect thymine dimers or other classical UVRinduced mutations in primary or metastatic melanomas, even in genes of interest. (30, 32) . For the pathogenesis of melanoma, the absence of thymine dimers suggests either that UVR is not involved or that the UVR effect is indirect via undiscovered mechanisms.
There are several lines of evidence that suggest that some substances that bind melanin contribute to the etiology and pathogenesis of human melanoma. The elegant works of Pavel et al. (23, 33) have implicated chronic oxidative stress and metals in the formation of dysplastic nevi. Extensive occupational epidemiologic data implicate heavy metal ions (and other substances that bind melanin) in the etiology and pathogenesis of melanoma (29) . These include studies from the occupational epidemiologic literature (printers, electrical workers) as well as recent long-term studies of patients with metal-on-metal hip replacements (34) . Melanoma tumors have unusually high concentrations of Cu and other metals, even higher than normal melanocytes which themselves accumulate metal ions (35, 36) . Many metal ions induce oxidative stress in biologic systems, and activate and inhibit a wide range of signaling pathways (37) . It has been shown that divalent Zn and Cd salts show toxicity to melanoma at concentrations several orders of magnitude lower than that which affects melanocytes (38, 39) . The mechanism through which combinations of these factors may influence melanocyte transformation is not well understood. For example, welders have an excess risk of developing intraocular melanoma and malignant melanoma; UVR produced by the welding arcs may combine with exposure to the welding fumes, which contain heavy metals, to increase the risk (40) (41) (42) .
In this study, we test the effect of Cu uptake and UVB on the melanosomes in human melanoma and melanocyte cells. Cu is a critical cofactor for the function of tyrosinase, the ratelimiting enzyme for melanin synthesis and therefore is found in abundance in melanosomes in melanocytes and melanoma cells. We hypothesized that as the melanosome becomes disorganized during melanoma progression, Cu uptake by the melanin may result in pro-oxidant redox cycling (43) . For these reasons, we examined the effect of both Cu and UVB on melanin integrity (in situ) and reactivity (ex situ) as well as viability in the host cells.
MATERIALS AND METHODS
Melanocyte and melanoma cultures. Normal human melanocytes were isolated from an individual neonatal foreskin (44, 45) . The foreskin was placed in 0.25% trypsin at 4°C overnight. The next day 2-3 mL newborn calf serum was added and the tissue was gently scraped a few times. Both tissue and serum were transferred to a centrifuge tube containing melanocyte growth media and vortexed vigorously. The supernatant was transferred to a new centrifuge tube and centrifuged at 1200 rpm for 5 min. The supernatant was aspirated; the cell pellet was suspended in melanocyte growth media and cultivated in a 25 cm 2 tissue culture flask. Melanocytes were grown in MCDB 153 medium (Aldrich) supplemented with 2% heat-inactivated fetal bovine serum, 150 U mL )1 penicillin, 0.15 mg mL )1 streptomycin, 10 lg mL )1 insulin, 0.15% bovine pituitary extract, 2.0 mM M CaCl 2 , 0.1 mM M isobutyl-1-methyl-xanthine and 10 ng mL )1 phorbol myristate-13-acetate. The cells were maintained at 37°C in a humidified incubator with 5% CO 2 atmosphere.
The highly pigmented human melanoma cell line MNT1 was a generous gift from Dr. Vincent Hearing (Laboratory of Cell Biology, National Cancer Institute), and cells were grown in DMEM medium supplemented with 20% heat-inactivated fetal bovine serum, 10% AIM-V medium, 20 mM M Hepes, 0.5% antibiotic-antimycotic solution, 0.1 mM M nonessential amino acids, 1 mM M sodium pyruvate, 2 mM M L L-glutamine, 30 ng mL )1 gentamicin and 3.7 lg mL )1 sodium bicarbonate. For viability comparison, cell line WM3211 was used, which is a radial growth primary melanoma, cultured in RPMI-1640 from Invitrogen.
UVB irradiation. Melanocytes were plated in plastic tissue culture dishes and were maintained in melanocyte growth media as described above. In metal uptake experiments the media contained CuCl 2 or ZnCl 2 at 10 lM M, CdCl 2 at 0.1 lM M. For electron microscopy samples, the cultured cells were exposed to 25 mJ cm )2 UVB radiation three times a week for 3 weeks. Prior to UVB exposure, the media was aspirated and the cells washed with sterile phosphate-buffered saline (PBS). Sufficient amount of PBS was added to the dish to cover the cells and the cells were irradiated. Immediately after irradiation, the PBS was replaced with fresh growth media. UVB radiation was generated and measured in a UV Stratalinker 2400 from Stratagene (La Jolla, CA). The instrument includes an internal photodetector, which was equipped with closely spaced array of five UVB fluorescent lamps, providing continuous emission spectrum with a sharp peak at 312 nm. The radiation output was initially calibrated using digital radiometer DRC-100 from Spectronics Corporation (Westbury, NY).
Isolation of melanosomes. Isolation was performed according to the literature procedure (46) . Briefly, cells were washed with ice-cold 10 mM M sodium phosphate, 0.15 M M NaCl, pH 7.4 buffer and scraped. Cells were homogenized by 20 strokes in a Dounce homogenizer at 4°C in 0.25 M M sucrose in 10 mM M Hepes, 1 mM M EDTA, pH 7.2 that contained 5 mM M benzamidine and 20 lg mL )1 aprotinin. The homogenate was centrifuged at 1200 g for 10 min to remove nuclei and unbroken cells. For the DNA clipping assay, the resulting supernatant was transferred to a clean tube and centrifuged at 16 000 g for 15 min yielding a crude melanosomal pellet.
Electron microscopy. Samples were washed in 0.1 M M pH 7.4 sodium cacodylate buffer and fixed overnight in 2% glutaraldehyde in 0.1 M M cacodylate buffer pH 7.4. The samples were washed with buffer and postfixed with 1% osmium tetroxide for 1 h. Specimens were dehydrated through a series of 30%, 50%, 70%, 85%, 95% and 100% ethanol and immersed in propylene oxide. After 20 min the propylene oxide was replaced with 50% resin and the samples were held under vacuum overnight. The next day, the 50% resin was replaced with 100% resin, transferred to capsules and polymerized at 56°C overnight. Ultra-thin sections were cut with a Richert-Jung ultramicrotome and collected on formvar-coated slot grids. After drying at room temperature overnight, the sections were stained with uranyl acetate and lead citrate to enhance contrast and dried at room temperature again. The ultra-thin sections were examined with a Philips CM-10 transmission electron microscope.
Cell cycle analysis. The cells were harvested by trypsinization and washed twice with ice-cold PBS solution. Cells were fixed in 1 mL 70% ethanol at )20°C overnight. The following day, cells were washed twice with ice-cold PBS solution and re-suspended in 1 mL propidium iodide (PI) buffer (PBS pH 7.4, 0.1% triton-X 100, 0.1 M M EDTA, 0.05 mg mL )1 RNase A, 50 lg mL )1 PI). After 30 min incubation at room temperature, cell cycle distribution was analyzed by flow cytometry using a Becton-Dickinson FACScan with Cell Quest software.
Cell viability analysis. The percent apoptotic and necrotic cells were assayed after short photolysis and metal ion exposures as previously described (6) . Briefly, the melanocytes were trypsinized, washed twice in PBS and resuspended in binding buffer at a concentration of 1 · 10 6 cells mL )1 , of which 100 lL was incubated with 5 lL of Annexin V (AV) conjugated to FITC (Molecular Probes, Eugene, OR) and 75 lM M (10 lL) PI for 15 min at room temperature. Cells were then analyzed by flow cytometry using a Becton-Dickinson FACScan with Cell Quest software. The proportion of apoptotic cells was estimated by the percentage of cells that stained positive for AV while remaining impermeable to PI (AV+ ⁄ PI)); necrosis was defined as positive stain with both AV and PI (AV+ ⁄ PI+); and viability was defined as AV) ⁄ PI).
Plasmid DNA preparation. To prepare DNA, the plasmid pCMV containing Escherichia coli cells was plated out onto nutrient LB agar medium containing ampicillin. Plasmid isolation and detection were carried out according to the QIAGEN plasmid purification handbook using QIAGEN Plasmid Midi Kit. The purified DNA was diluted in 100 mM M pH 7.0 phosphate buffer to a final concentration of 30 ng lL 
RESULTS AND DISCUSSION
Ultrastructural characterization of melanosomes in darkly pigmented human melanocytes and melanoma Several maturation stages of melanosomes have been described (47) (48) (49) , and are illustrated in an electron micrograph (EM) of a normal melanocyte cell (Fig. 1) . Stage I are the so-called premelanosomes characterized by spherical forms which contain dense spots and occasional filaments. Stage II melanosomes are more ellipsoidal with observable filaments (intralumenal striations) that exhibit periodicity perpendicular to the long axis of the organelle. In stage III melanosomes, deposition of melanin is seen on the filaments but its organization is still evident; mature melanosomes are stage IV, the pigment completely fills the organelle and obscures the underlying filaments.
By contrast, the melanosomes within the MNT1 cells display malformed melanosomes (Fig. 2) , characterized by large occlusions in pigmentation, often with damaged or absent membranes. The melanin within these abnormal melanosomes is granular with fragments sometimes evident outside of the melanosome. When filaments are observed, as in the analogous stage 2 or 3 melanosomes, they lack organized orientation, some in loose coils that give spiral rather than compact structures. Similar abnormalities are observed in melanosomes isolated from other melanoma cell lines, as characterized by our laboratory and others (10, 11) .
Effect of UVB and metal ions on melanocyte morphology
Exposure of melanocytes to UVR has been shown to generate morphological changes (50) , and to induce cell cycle arrest (51, 52) . We examined the effect of divalent Cu, Zn and Cd ions in the growth media on this behavior. Normal human melanocytes in culture are dendritic with small cytoplasm (Fig. 3) . Treatment of the cells with UVB radiation led to increased dendricity and enlargement of the cell body. Addition of ZnCl 2 had no further effect. While addition of CuCl 2 at 10 lM M to the growth medium alone did not cause observable change in the melanocyte morphology, those grown in Cu-containing media and irradiated by UVB showed an increased cell body volume and dendricity. A similar but more dramatic effect was observed after irradiation of melanocytes in 0.10 lM M CdCl 2. The phenotypic features of these treated melanocytes resemble melanocytes grown from dysplastic nevi grown in culture without any additions or treatments (53) .
Effect of UVB and metal ions on melanosomes in situ
The cumulative effects of divalent Cu, Cd and Zn in combination with UVB on melanocyte melanosomes were characterized using electron microscopy. Normal human melanocytes stage II melanosomes had the classic oval shape with regular internal filaments along the length of the organelle, stage III and IV melanosomes were oval or rounded in different sizes, and exhibited melanin deposition in a homogeneous manner which is similar to that reported by others (47) .
In UVB-treated melanocytes, several mildly bleached melanosomes were observed (Fig. 4B) . In these cells melanin deposition in stage III and IV melanosomes was heterogeneous and granular. In melanocytes maintained in medium containing Cu(II) and treated with 3 · 3 treatments of UVB radiation, many highly bleached melanosomes were observed (Fig. 4C ). These melanosomes appeared almost white on their edges and somewhat pigmented in the core of the organelle. Melanin deposition in the majority of stage III and IV melanosomes in these cells was highly heterogeneous and granular. The Zn(II) and UVB-treated cells show somewhat less pigmentation, but the melanosomes appear normal. The increased bleaching of melanosomes in Cu(II)-treated melanocytes is consistent with the previous finding by Korytowski and Sarna that Cu accelerates oxidative bleaching in synthetic melanin via production of ROS and peroxide (54) . The effect of Cd(II) and UVR was most dramatic. Cd is quite toxic to melanocytes even at very low concentrations. To maintain viablility, the melanocytes were treated at only 0.1 lM M CdCl 2 and given the same sequence of UV treatments as above. Transmission electron microscopy image of these cells showed dramatic changes in melanosomal structures, many were misshapen with some bleaching evident. Some early-stage melanosomes were phagocytized within lysozymes (Fig. 4D) (55) . There is granular melanin as well as disruption of the intralumenal striations organization in melanosomes, leading to the ''loose coils'' of pigmented filaments also observed in melanoma. Bleaching of the melanin is evident, but not enhanced over that in the absence of Cd. In all these long-term UVB experiments, cell attrition was a problem, especially with the Cu-and Cd-treated cells; images were only obtained on viable cells remaining after the treatments. Issues of toxicity will be addressed below. The granular melanosomes observed upon UVB radiation of melanocytes resemble the fragmented pigment observed in unirradiated melanoma cells (Fig. 5) . Melanoma cells are under constitutive intracellular oxidative stress (56) , and granular melanosomes have been repeatedly observed in these cells (11) . Observation of higher degree of granularity in Cu-treated cells upon UVR is likely an indication of enhanced melanin oxidation, and therefore a reduced redox buffering capacity of the pigment. The disruption of melanosomal organization by Cd mimics that seen in melanoma, and we speculate that these changes may be an indication of a different pathogenic feature of melanoma, not observed in the Cu-treated cells.
Ex situ effect of UVB and Cu on melanin reactivity
The loss of regulation of melanosomes within melanoma should have dramatic consequences, as melanin precursors are particularly toxic species. ROS generation by isolated melanins has been well documented; they react in air to form a flux of superoxide, and under certain conditions, peroxide and hydroxyl radicals (54, 57) . For example, melanin initiates lipid oxidations via superoxide-base mechanism, which is much accelerated in the presence of Fe ions (8) . To assay this prooxidant behavior, a DNA clipping was used. This method characterizes the formation of hydroxyl radicals, which can clip supercoiled plasmid DNA and impair its movement during gel electrophoresis. Typically, both nicked and cleaved DNA will travel slower on the gel than the supercoiled form, giving two distinct bands above the native DNA. Both synthetic melanins and those derived from melanoma cell cultures have shown positive assays for this reactivity (6) .
To compare the effect of dysfunctional melanin formation on oxidative reactivity, melanosome fractions were purified from both a highly pigmented human melanocyte and melanoma MNT1 cells. Quantification of the melanin is difficult, but approximately equivalent amounts isolated were from equivalent cultures (ca 10 6 cells), and final concentrations normalized by melanin absorbance at 500 nm. Some melanin samples were treated with Cu salt solution overnight and washed with PBS before assay. The plasmid DNA was then added to the samples and exposed to ROS generated by the glucose ⁄ glucose oxidase reaction. The following day, the DNA samples were purified and examined by agarose gel electrophoresis (Fig. 6) . The MNT1 melanosomes showed dramatic reactivity under all conditions, cleaving the DNA into small fragments that show as smears on the gels. The fragmentation is also enhanced after UVB, and more so by Cu treatment. Importantly, normal melanosomes did not clip DNA; however, treatment with glucose ⁄ glucose oxidase or UVB alone caused minor clipping of the DNA, but UVB and Cu treatment combined to give strong clipping, consistent with the UVB-induced generation of peroxide or ROS by melanin (58) .
To confirm that the dramatic clipping and fragmentation of the DNA by MNT1 melanosomes is caused by hydroxyl radicals, the melanosome samples were diluted 10-fold to attenuate the reactivity and to some, sodium azide was added. The azide anion is a known scavenger of hydroxyl radical, and if in excess should neutralize the radical's damaging effects (59) . As shown in Fig. 6C , the presence of azide effectively inhibits the clipping of supercoiled DNA by MNT1 melanosomes both with and without Cu treatment. These results are consistent with the enhanced bleaching of the UVB ⁄ Cu-treated melanocytes, via melanin-induced formation of ROS, of which hydroxyl radical is the most damaging form.
Effect of UVB and Cu on cell cycle and viability
There is much evidence that normal cellular melanin neutralizes the inflammatory response to radiation (60, 61) and may help suppress hydrogen peroxide oxidative stress (18) . Isolated melanins have also been shown to efficiently scavenge singlet oxygen (62) and superoxide anion (63, 64) . These antioxidant abilities of melanin are likely important in its role in protecting cells from sun-induced damage. However, there is also much evidence for the photochemical generation of ROS by melanin (57) , and implication of its toxicity in diseases such as Parkinson's (65) . Previous studies on synthetic and sepia melanin have shown that its oxidation, enhanced by the binding of redox active metal ions, results in a substantial increase in the production of ROS (6, 57, 66, 67) .
To investigate the short-term effect of the UVB ⁄ Cugenerated ROS on the host cells, assays of viability and cell cycle progression were performed. In these experiments, human melanocytes were treated with or without Cu-containing media for 24 h; certain cells were then washed and exposed to a single dose of UVB. The cells were replenished with growth media and after a short incubation period, trypsinized and fixed for cell cycle and viability analysis by flow cytometry.
The application of increasing doses of both Cu and UVB radiation to untreated melanocytes up to sunburn dose leads to little change in viability or cell cycle progression (Figs. 6 and 7). At a higher concentration, Cu appeared to increase G2 arrest to a minor degree. Likewise, treatment of heavily pigmented melanoma MNT1 by both Cu and UVB had only a small effect on its growth and viability. There was a small but consistent decrease in viability with increasing UVB, driven by an increase in apoptosis; but the change amounted to less than 10% of the MNT1 cells.
A major difference was observed between the cell cycle phases of the different cell lines, with MNT1 cells being dominantly in the G1 phase, and normal melanocytes more evenly distributed between G1, S and G2 phases. The melanocytes showed a small increase in G2 arrest at high Cu concentration, not seen for MNT1 cells, but overall, the single Cu ⁄ UVB treatment had little effect on the cell cycle.
As melanocytes and MNT1 cells seemed well protected against both UVR and Cu, a relatively amelanotic primary melanoma cell line WM3211 was tested under similar treatments. The WM3211 melanoma cells are phenotypically similar to in vitro melanocytes in that they are slow-growing and exhibit horizontal growth in the primary lesion. For these cells, applied UVB radiation causes an increase in G1 cell cycle arrest at all doses; but Cu at high dose completely shut off G2 progression. Viability was also much more affected by both treatments-increasing UVB doses led to a decrease in viability of >25%, mainly representing increased apoptosis. High doses of Cu led to a viability decrease of ca 15%; its combination with UVB appears additive rather than synergistic. The greater sensitivity of this cell type might reasonably be attributed to its lack of pigment (Fig. 8) .
CONCLUSIONS
One of the most puzzling clinical observations in dermatology is that nonmelanoma skin cancers such as squamous cell carcinomas occur with high frequency in albinos of all ethnicities, but the occurrence of cutaneous melanoma in these individuals is exceedingly rare (68, 69) . Melanocytes are still present but they do not make melanin. Why is this? We propose that without melanin melanomas do not occur. The immediate reply is, of course, ''If so, then why don't darkly pigmented individuals develop melanomas at a high frequency?'' There have been many well-established and well thought out answers to this question, as summarized recently by Wood et al. (70) . The relative resistance of dark-skinned humans to UVR induction of melanoma compared with light-skinned humans likely involves contributions from increases in melanosome size leading to lower fluxes of oxidants from larger melanin aggregates in darker skins (36) , increased melanosome ⁄ melanin levels in upper epidermal layers protecting underlying melanocytes (71) and the lack of pheomelanin, a more powerful photosensitizer than eumelanin, in dark-skinned individuals (72) . Most recently a differential role of keratinocytes obtained from different ethnic skin in determining melanocyte response to UVR has also been identified (73) .
Clearly the amount and nature of melanin plays an important role in responses to UVR and other environmental cues, both genetic and extrinsic, and hence in melanoma susceptibility. Our results and those of others suggest that the oxidation of melanin by UVR, enhanced by the binding of certain metals, might be an early event in the pathogenesis of melanoma. The melanosomal abnormalities observed in metal ⁄ UVB-treated melanocytes are very similar to those observed in metastatic melanoma; thus the conversion of melanin to a pro-oxidant generator of ROS may be a key feature promoting carcinogenesis. 
